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The present work describes the construction of a novel molecular tool for luciferase-based bioluminescence (BL) tagging
of Enterococcus faecalis. To this end, a vector (pSL101) and its derivatives conferring a genetically encoded bioluminescent
phenotype on all tested strains of E. faecalis were constructed. pSL101 harbors the luxABCDE operon from pPL2lux and
the pREG696 broad-host-range replicon and axe-txe toxin-antitoxin cassette, providing segregational stability for long-
term plasmid persistence in the absence of antibiotic selection. The bioluminescent signals obtained from three highly ex-
pressed promoters correlated linearly (R2 > 0.98) with the viable-cell count. We employed lux-tagged E. faecalis strains to
monitor growth in real time in milk and urine in vitro. Furthermore, bioluminescence imaging (BLI) was used to visualize
the magnitude of the bacterial burden during infection in the Galleria mellonella model system. To our knowledge, pSL101
is the first substrate addition-independent reporter system developed for BLI of E. faecalis and an efficient tool for spatio-
temporal tracking of bacterial growth and quantitative determination of promoter activity in real time, noninvasively, in
infection model systems.

During the last few decades, increasing interest in Enterococcus
faecalis has been prompted by the emergence of the organism

among the most frequent isolates in association with hospital-
related infection. Although E. faecalis is a natural inhabitant of the
gastrointestinal tract in healthy humans and some strains are used
as probiotics, E. faecalis has been reported to cause a variety of
clinical syndromes associated with high mortality rates (26), par-
ticularly in patients with a weakened immune system or severe
underlying disease (39). The role of factors associated with the
virulence of E. faecalis has been described in several animal models
(27, 49, 50). Although reports have shown that a significant num-
ber of putative virulence traits are widespread among E. faecalis
isolates from diverse origins, gelatinase (20), cytolysin (8, 9), the
enterococcal surface protein Esp (50), and aggregation substance
(8) are known to be enriched among nosocomial E. faecalis strains
and increase the severity of infections caused by the organism.

Traditional ex vivo methods employed to study the effect and
the expression of virulence-associated genes of E. faecalis during
infection have been performed by organ extraction, requiring the
sacrifice of a large number of experimental animals and resulting
in time-consuming sample preparation for assessing cell numbers
(21, 25, 50). Moreover, none of the endpoint studies have in-
cluded in vivo time course surveillance of the expression of these
genes during infection. The use of noninvasive methods in intact
animals to quantify the magnitude and to monitor spatiotemporal
gene expression repetitively in the same infected host is recom-
mended for efficient functional studies of potential pathogenicity
traits with high reproducibility (16).

Fluorescence and bioluminescence are rapid and cost-effec-
tive optical imaging methods that offer the possibility of study-
ing biological processes in vivo. Green fluorescent protein
(GFP)-based fluorescence has been used for assessing intra-
and interspecies plasmid mobilization in E. faecalis (2, 22) and
to determine the roles of extracellular enterococcal proteases

during biofilm development (53). On the other hand, Foucault
and coworkers (14) have employed for the first time the lucif-
erase gene lucR inserted in the integrase gene of the transposon
Tn1549 to bioluminescently tag E. faecalis and to quantify the
enterococcal intestinal colonization of gnotobiotic mice by
light emission levels. However, a lucR-encoded firefly luciferase
variant emits red light at 612 nm after exogenous addition of
D-luciferin (4), thus requiring laborious sample preparation
procedures.

luxABCDE-based bioluminescence imaging (BLI) technology
has been successfully employed to monitor the expression of cer-
tain genes and the development of disease in real time in both
Gram-negative and Gram-positive bacteria, including Escherichia
coli (11, 15, 30), Listeria monocytogenes (6), Salmonella enterica
(10, 35), Pseudomonas aeruginosa (44, 45), Cronobacter sakazakii
(38), Mycobacterium tuberculosis (1), Staphylococcus aureus (16,
29), and Streptococcus pneumoniae (17, 34, 36). The main advan-
tage of the luxABCDE system lies in the lack of a requirement for
exogenous substrate addition. In contrast to the extended half-life
of the GFP reporter, the luxABCDE-emitted signal is real time and
reflects the active transcription of selected promoters fused with
the bioluminescence operon. Also, bioluminescence monitoring
positively contributes to the implementation of two of the three
“Rs” (replacement, reduction, and refinement) of ethical princi-
ples in animal experimentation (47). Refinement and reduction
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are promoted by the noninvasive nature of the technology, allow-
ing in vivo surveillance of infection progression by simply imaging
the light detected from a single animal over time. Furthermore,
the correlation between photon emission levels and bacterial
numbers can be used as a measure to quantify the bacterial burden
within an animal infection model (15).

In this report, we describe the construction of a novel vector for
conferring a genetically encoded bioluminescent phenotype on
different strains of E. faecalis. This plasmid-based system provides
high-level bioluminescence, does not require the use of antibiotics
for stable maintenance, and, although it was primarily designed
for E. faecalis, is applicable to a number of other Gram-positive
species. Its functionality in E. faecalis is demonstrated during
growth in laboratory medium, milk, and urine and in the Galleria
mellonella infection model. To our knowledge, this is the first sub-

strate addition-independent reporter system developed for BLI of
E. faecalis enabling the tracking of bacterial growth and the quan-
titative determination of specific gene expression over time during
the development of disease.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. E. faecalis strains were routinely cultured at
37°C in M17 (Oxoid Ltd., United Kingdom) supplemented with 0.4%
(vol/vol) glucose (GM17). E. coli GeneHogs was grown at 37°C in Luria
Bertani (LB) medium. When required for selective growth, spectinomy-
cin (Spc) was added at 250 �g/ml for E. coli and 500 �g/ml for E. faecalis.
Erythromycin was added at a concentration of 100 �g/ml for E. coli and 15
�g/ml for E. faecalis.

DNA techniques. Genomic DNA was isolated from E. faecalis using
�106 �m acid-washed glass beads (Sigma-Aldrich) and an FP120 Fast-
Prep bead beater (Bio101/Savent) with the QiaPrep MiniPrep kit (Qia-
gen) as previously described (52). Plasmid DNAs were isolated from E. coli
using the E.Z.N.A. Plasmid Mini Kit I (Omega Bio-tek). PCR products
required for cloning were obtained with Phusion DNA polymerase (New
England BioLabs, United Kingdom) using 100 ng DNA as the template.
Primers were purchased from Invitrogen (Table 2). DNA fragments were
purified by the use of agarose gel electrophoresis and Qiaquick PCR pu-
rification columns (Qiagen, United Kingdom). Restriction endonucleases
(New England BioLabs, United Kingdom) and T4 DNA ligase (New Eng-
land BioLabs, United Kingdom) were used according to the manufactur-
ers’ recommendations. DNA was sequenced using the ABI Prism BigDye
Terminator Sequencing Ready Reaction Kit v3.1 (Applied Biosystems)
and analyzed with the ABI Prism 3100 genetic analyzer according to the
supplier’s procedures.

Plasmid construction. Stable bioluminescent reporter constructs
were obtained by combining the vectors pPL2lux (6) and pREG696 (19) in
a two-step procedure. pPL2lux contains a unique SwaI restriction site that
overlaps the start codon of luxA, allowing translational fusions between
enterococcal promoters to the luxABCDE operon. pSL101 was created by
cutting the luxABCDE operon from pPL2lux with the restriction enzymes
NotI and XhoI and cloning the resulting 5.6-kb fragment into similarly
digested pREG696. For the construction of pSL101P32, the P32 pro-
moter from pMG36e (54) was amplified by PCR using primers P32F
and P32R, and the 175-bp product was digested with XhoI and SwaI

TABLE 1 Bacterial strains used in this study

Strain
Geographical
origin Source Description Reference

E. coli
GeneHogs Invitrogen

E. faecalis
E1Sol Solomon Islands 18
V583 U.S. Blood 48
T2 Japan Urine 33
EF62 Norway Feces 5
MMH594 U.S. Blood 24
OG1RF U.S. Oral 40
Symbioflor 1 Germany Feces 12
SL01 MMH594::pSL101 This study
SL02 MMH594::pIL252luxPhelp This study
SL03 MMH594::pSL101P32 This study
SL04 MMH594::pSL101P16S This study
SL05 MMH594::pSL101Phelp This study
SL06 Symbioflor 1::pSL101P16S This study
SL07 OG1RF::pSL101P16S This study
SL08 EF62::pSL101P16S This study
SL09 T2::pSL101P16S This study

TABLE 2 Plasmid and primers used in this study

Name Descriptiona Reference

Plasmids
pPL2lux Cmr; contains the lux operon with SwaI restriction site overlapping the start codon of luxA 6
pREG696 Spcr; low-copy-number plasmid containing the axe-txe cassette derived from E. faecium 19
pIL252 Ermr; low-copy-number plasmid 51
pMG36e Ermr; expression vector for L. lactis 54
pPL2luxPhelp Cmr; pPL2lux derivative containing the highly expressed Listeria promoter Phelp 46
pSL101 Spcr; containing luxABCDE operon and axe-txe cassette This study
pPL2luxP32 Cmr; pPL2lux derivative containing the constitutive lactococcal promoter P32 This study
pSL101P32 Spcr; pPL2luxP32 derivative containing the axe-txe cassette This study
pPL2luxP16S Cmr; pPL2lux derivative containing the synthetic promoter P16S This study
pSL101P16S Spcr; pPL2luxP16S derivative containing the axe-txe cassette This study
pSL101Phelp Spcr; pPL2luxPhelp derivative containing the axe-txe cassette This study
pIL252luxPhelp Ermr; pIL252 derivative containing the luxABCDE operon driven by the Phelp promoter This study

Primers
P32F GCGCGCCTCGAGCGGTCCTCGGGATATGATAAG This study
P32R CATTTCAAAATTCCTCCGAATATTTTTTTACC This study
P1F TCGAGGTTCTTGACATTCAAATGAAAGTTTGTTAAGATATAAAGTAGAAGGAGAGTGAAACCCATG This study
P1R CATGGGTTTCACTCTCCTTCTACTTTATATCTTAACAAACTTTCATTTGAATGTCAAGAACC This study

a Cmr, chloramphenicol resistance; Spcr, spectinomycin resistance; Ermr, erythromycin resistance.
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before ligation into the complementary sites in pPL2lux. The con-
struct, named pPL2luxP32, was subsequently digested with NotI and
XhoI to excise the 5.8-kb luxABCDE P32 fragment prior to ligation into
similarly digested plasmid pREG696 to give a 13.3-kb construct named
pSL101P32. To construct the vector pSL101P16S, two short single-
stranded oligonucleotides were synthesized (Table 2). A synthetic E.
faecalis 16SRNA P1 promoter fused with the ribosome binding site
(RBS) of the promoter Phelp and an ATG translational start codon was
constructed by annealing of complementary single-stranded oligonu-
cleotides P1F and P1R. Equal amounts of the two oligonucleotides (1
pmol) were heated to 95°C for 5 min and annealed by gradual cooling
to 25°C over 2 h, yielding a 66-bp double-stranded DNA with XhoI-
and SwaI-compatible cohesive ends. The synthetic 16S RNA P1 pro-
moter was ligated into complementary sites in pPL2lux (6), giving
pPL2luxP16S. The construct was subsequently digested using the XhoI
and NotI cloning sites to excise the P16SluxABCDE fragment prior to
ligation into similarly digested plasmid pREG696 (19). The resulting
vector was named pSL101P16S. To generate pSL101Phelp, a 5.9-kb
PhelpluxABCDE NotI and XhoI fragment from pPL2luxPhelp (46) con-
taining the highly expressed constitutive Listeria promoter Phelp was
cloned in pREG696.

For construction of pIL252luxPhelp, a 10-kb SnaBI and NaeI fragment
from pPL2luxPhelp was inserted into the SmaI site of vector pIL252 (51).
The vectors were propagated in E. coli GeneHogs, and the integrity of the
inserted sequence was confirmed by DNA sequencing prior to transfer
into E. faecalis strains by electroporation (23). Transformants were grown
on GM17 plates supplemented with spectinomycin or erythromycin at
37°C, and the bioluminescence was checked using an IVIS 100 imaging
system (Caliper Corporation, CA).

In vitro plasmid stability. The stabilities of the different biolumines-
cent plasmids in E. faecalis MMH594, an isolate of clinical origin (24),
were assessed in the absence of antibiotic selection by consecutive trans-
fers of 1,000-fold dilutions to fresh GM17 broth every 24 h for 7 days. At
every transfer, the dilutions were plated on selective and nonselective
media and incubated at 37°C overnight. Bioluminescence was measured
using an IVIS 100 imaging system (Caliper Corporation, CA). The reten-
tion of the spectinomycin- or erythromycin-resistant phenotype was ex-
pressed as a percentage.

Monitoring growth in liquid laboratory medium and luminescence
quantification. Overnight cultures of the constructed strains were diluted
1,000-fold in fresh GM17 medium and grown until they reached an opti-
cal density at 620 nm (OD620) of 0.2. The cells were diluted 100-fold in
GM17, and growth and bioluminescence were monitored over time.
Growth of the different strains was assessed by monitoring the absorbance
at 620 nm with a Spectrostar Nano microplate reader (BMG Labtech). A
total volume of 300 �l of bacterial inoculum in fresh GM17 medium was
added to each well in a 96-well plate (Nunc, Thermo Fisher Scientific,
Denmark). The cultures were incubated at 37°C under static conditions,
and absorbance at 620 nm was measured at 15-min intervals for 7 h. For
bioluminescence measurement, 300 �l of the same culture was also added
to a black 96-well plate (Nunc, Thermo Fisher Scientific, Denmark) and
incubated at 37°C under static conditions in the chamber of a Xenogen
IVIS 100 imaging system (Calipers Corp., CA). Luminescence was mea-
sured with a binning of 16 and an exposure time of 1 min. For data
analysis, regions of interest (ROI) were defined on the microtiter plates,
and the intensity of the bioluminescent signal was expressed as photons
per second and quantified using Living Image 3.0 software. The experi-
ments were performed as independent triplicates.

Monitoring growth and bioluminescence in urine and milk. Over-
night cultures of E. faecalis strains were washed with sterile 20 mM phos-
phate-buffered saline (PBS) (pH 6.8) and diluted 1,000-fold in preheated
urine at 37°C. To assess growth in milk, NAN Infant Milk Formula (Nes-
tle) preheated to 37°C was inoculated (1% [vol/vol]) with E. faecalis and
incubated at 37°C as described above. Bioluminescence was monitored
over time every hour, as described above. Cell densities were measured at

0, 2, 4, 6, 8, and 24 h by plating dilutions on GM17 Spc, and CFU were
counted after overnight incubation at 37°C. The number of CFU/ml ex-
presses the mean of the colony count from duplicate experiments.

In vivo monitoring of E. faecalis infection in G. mellonella. Over-
night cultures of E. faecalis were centrifuged for 10 min at 7,000 � g to
collect bacteria, washed twice with sterile 0.9% saline solution, and then
resuspended in sterile 0.9% saline solution to an optical density at 620 nm
of 1.0. Ten G. mellonella 5th-instar larvae (Urdahl Consult, Vestby, Nor-
way) were injected with 10 �l of the E. faecalis suspension through the left
hindmost proleg into the hemocoel using a Hamilton 710SNR 100-�l
syringe (Hamilton Company) fitted with a 30G needle (BD Microlance 3).
Infected larvae were kept in a 90-mm petri dish at 37°C. As a control, 10
larvae were injected with sterile 0.9% saline solution. For survival studies,
the insects were examined every 2 h after the infection. To determine the
bacterial number during infection, a cohort of 30 larvae were infected as
described above. At each time point, 3 insects were surface sterilized with
70% ethanol and then dissected and transferred into individual 15-ml
Eppendorf tubes containing 2 ml of 0.9% saline solution. Samples were
vortexed for 3 min, and the resulting insect-bacterium homogenates were
serially diluted, plated onto GM17 agar plates supplemented with specti-
nomycin, and incubated overnight at 37°C. Before dissection, the biolu-
minescence of individual insects placed in 4.0-cm petri dishes was re-
corded for 1 min using a Xenogen IVIS 100 imaging system.

RESULTS AND DISCUSSION
Construction of a substrate addition-independent lux biolumi-
nescence reporter system in E. faecalis. This study aimed to de-
velop a luciferase-based reporter system in E. faecalis that could be
used to monitor gene expression in vitro and during infection in
animal models. The luxABCDE cassette derived from Photorhab-
dus luminescens has previously been optimized for expression in
Gram-positive bacteria by reorganization of the genes and intro-
duction of enhanced translational signals (43). In order to assess
the functionality of luxABCDE bioluminescence in E. faecalis, a
series of experiments were devised. We intended to capitalize on
the system developed for L. monocytogenes (6); however, the
pPL2luxABCDE listerial chromosomal integration vector did not
work in E. faecalis, presumably due to the absence of the required
listeriophage PSA tRNAArg-attBB= sequence. Therefore, the Phelp-

luxABCDE cassette was cloned in pIL252 (51). The resulting
pIL252luxABCDEPhelp was transferred to E. faecalis MMH594 and
conferred high-level bioluminescence, thereby confirming the
functional expression of the whole lux operon and substrate-in-
dependent emission of light. However, the pIL252 vector system
suffered from several drawbacks. In particular, the number of re-
striction enzyme sites remaining available for cloning of promot-
ers was limited, and more importantly, the plasmid was rapidly
lost in the absence of antibiotic selection (see Fig. 2a).

Enterococci frequently maintain plasmids in a stable fashion in
their environments. The most stable plasmids have been shown to
carry toxin-antitoxin (TA) systems (37). TA systems consist of a
long-lived proteic toxin and a short-lived antitoxin that can be a
protein or antisense RNA, and they act as a segregational stability
module securing stable inheritance of the plasmid through the
killing of cells that are plasmid free upon division. pREG696 is a
derivative of pREG45 that harbors an identified proteic toxin-
antitoxin cassette in the multidrug resistance plasmid pRUM of
Enterococcus faecium (19). Another important feature is the fact
that pREG696 contains a low-copy-number derivative of the
broad-host-range pAM�1 replicon (31). Thus, pSL101 (Fig. 1)
was constructed from pREG696, in combination with the syn-
thetic lux operon from plasmid pPL2lux. The strong promoters
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for high luminescence expression, P32 (54), P16S (see Materials and
Methods), and Phelp (46), were cloned in front of the lux operon,
and the constructs were introduced into E. faecalis MMH594. The
stability of the three pSL101 derivatives under nonselective
growth conditions was tested in vitro by subcultures in GM17
broth over 7 days (Fig. 2a). SL03 (MMH594::pSL101P32), SL04
(MMH594::pSL101P16S), and SL05 (MMH594::pSL101Phelp) were
grown overnight, and every day, dilutions were plated on medium
containing the appropriate antibiotic. The presence of the plasmid
in the resulting colonies was assessed by scoring for the specti-
nomycin resistance phenotype and the bioluminescent signal.
The pIL252luxPhelp vector carrying the pAM�1 replicon with-
out the axe-txe module was used for comparison. Complete
segregational stability was observed for pSL101P32 with no
plasmid loss for the entire duration of the experiment (7 days).
Plasmid pSL101P16S was 100% stable for the first 5 days, fol-
lowed by 30% loss in the last 2 days. The level of stability of
pSL101Phelp was similar to that of pSL101P16S, and gradual loss
of spectinomycin resistance was observed after 5 days, with
66% of the cells harboring the resistance phenotype at day 7. In
contrast, plasmid pIL252luxPhelp was unstable in SL02, with
�99% loss after overnight culture without erythromycin selec-
tion. These data show that the presence of the segregational
stability cassette encoded by the pREG696 backbone in the
pSL101 derivatives allows stable maintenance of the biolumi-
nescent plasmid in the absence of antibiotic selection and

makes this reporter system a good candidate for biolumines-
cence tagging of E. faecalis for long-lasting in vitro and in vivo
studies. Moreover, pSL101 derivatives were stable vectors to
efficiently introduce the luxABCDE cassette in a broad range of
gram-negative and gram-positive bacteria, such as E. coli, Lac-
tococcus lactis, Lactobacillus plantarum and Staphylococcus au-
reus (unpublished results).

To assess whether light emission can be expressed as a func-
tion of cell growth, samples from the mid-logarithmic phase of
SL03 (MMH594::pSL101P32), SL04 (MMH594::pSL101P16S),
and SL05 (MMH594::pSL101Phelp) were serially diluted, and
the bioluminescence and viable-cell counts were determined.
The linear relationship found between the number of CFU and
the bioluminescent signal in photons per second (Fig. 2b) (R2

� 0.99) shows that the level of bioluminescence is proportional
to the number of bacterial cells, and pSL101 can therefore be
employed as a quantitative reporter system to predict viable
bacteria for real-time growth assessment.

The growth and bioluminescence of E. faecalis MMH594::
pSL101 derivatives were monitored over time in GM17 me-
dium (Fig. 3). SL03 (MMH594::pSL101P32), SL04 (MMH594::
pSL101P16S), and SL05 (MMH594::pSL101Phelp), grew at rates
similar to that of the bioluminescence-negative control strain,
SL01 (MMH594::pSL101) (data not shown). No biolumines-
cence was observed at any time for the negative control, con-
firming no background. The three constitutive promoters

FIG 1 Strategy for the construction of vector pSL101. The promoter of interest was cloned in pPL2lux, and subsequently, the promoter::lux NotI/XhoI cassettes
were subcloned in pREG696, producing pSL101 and derivatives. See Materials and Methods for details.
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tested were highly expressed, and they gave rise to an increase
of 2 orders of magnitude in bioluminescence during growth in
GM17 broth (Fig. 3), from 6.9 � 105 � 0.06 � 105 photons per
second to 2.67 � 107 � 0.15 �107 photons per second. Biolu-
minescence increased the most from the mid-exponential
phase, when bacteria are metabolically active and thus synthe-
sizing both luciferase and its substrate (29). The highest levels
of bioluminescence were detected at the end of the exponential
growth phase, when it reached a peak, followed by a rapid
decline during the stationary phase. The decrease of the signal
is consistent with cessation of the cellular activity in the plateau
phase and the concomitant reduction in the availability of the
flavin mononucleotide needed by the luciferase (3).

Expression of the lux operon driven by the P16S promoter in
relation to growth was investigated in GM17 for four E. faecalis
strains differing in their origins, namely, the clinical isolate E.
faecalis MMH594 (24), the probiotic strain E. faecalis Symbio-
flor 1 (12), the laboratory strain E. faecalis OG1RF, and the
commensal strain E. faecalis 62 (5). The specific biolumines-

cence activity, calculated by normalizing the photon per sec-
ond emission for cell density (OD620), revealed a good correla-
tion between luminescence and bacterial growth for the four
strains (R2 � 0.94), with constant lux operon expression dur-
ing the exponential phase followed by a rapid decline during
the stationary phase (R2 � 0.78) (data not shown).

Bioluminescence signals driven by P16S were also used to follow
the bacterial growth in urine and milk, two growth environments
known to be associated with E. faecalis colonization. Determina-
tion of the fermentation abilities of the lux-tagged probiotic strain
Symbioflor 1 (SL06) and the commensal isolate E. faecalis 62
(SL08) was followed by monitoring bioluminescence and viable
bacteria in Nestle NAN Infant Milk Formula (Fig. 4). No biolu-
minescence was detected at any time in the wells containing milk,
confirming the absence of background signals. Both strains grew
well in milk, and during the exponential phase, the viable-cell
counts correlated linearly with the intensity of the biolumines-
cence in photons per second (R2 � 0.95). Light emission achieved
an increase of 5 orders of magnitude during growth.

FIG 2 (a) In vitro plasmid stability of pSL101 derivative constructs in E. faecalis. }, SL03 (MMH594::pSL101P32); �, SL04 (MMH594::pSL101P16S); Œ, SL05
(MMH594::pSL101Phelp); and �, SL02 (MMH594::pIL252luxPhelp). The strains were subcultured over 7 days without selective pressure at 37°C in GM17, and
dilutions were plated on the appropriate antibiotic. The stability of the plasmid is expressed as a percentage of bioluminescent colonies on a nonselective plate
compared to that on a selective plate. (b) Correlation between bioluminescence emission and viable-cell counts (CFU) in E. faecalis. }, SL03 (MMH594::
pSL101P32) (R2 � 0.993); �, SL04 (MMH594::pSL101P16S) (R2 � 0.995); Œ, SL05 (MMH594::pSL101Phelp) (R2 � 0.990). Samples from the mid-logarithmic
phase were serially diluted, and bioluminescence was determined. The last two dilutions were plated on selective media to determine viable bacterial counts. The
linear regression coefficient (R2) shows a linear relationship between luminescence emission and the number of CFU per ml. Bioluminescence values are
expressed as photons per second. The values represent the averages of two biological replicates.

FIG 3 Bioluminescence during growth in GM17 at 37°C. The closed symbols indicate the bioluminescent signal in photons per second, while growth is
represented by open symbols. (a) SL03 (MMH594::pSL101P32). (b) SL04 (MMH594::pSL101P16S). (c) SL05 (MMH594::pSL101Phelp). Growth was measured as
the optical density at 620 nm. The values represent the averages of three independent experiments � standard deviations (SD).
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Similarly, P16S-driven bioluminescence was used to trace the
growth in urine of SL04 (MMH594::pSL101P16S) and SL09 (T2::
pSL101P16S), lux-tagged variants of two strains originally isolated
from blood and urinary tract infections, respectively. Consistent
with previous findings (7, 55), bacterial cell counts at diverse time
points showed negligible differences between the strains in the
viable bacterial densities, indicating similar growth rates (Fig. 5).
Low levels of light emission were observed in urine, with a 5.1 �
102 � 1.7 � 102-fold increase during growth. No statistically sig-
nificant difference between the bioluminescence levels and
growth rates of the two strains was found (Student t test; rejection
level, P � 0.1) (Fig. 5).

Real-time monitoring of the growth of E. faecalis in a surro-
gate infection model of G. mellonella. Larvae of G. mellonella
are a suitable nonmammalian infection model for studying
host-pathogen interaction in E. faecalis (42, 32). The caterpillar
body cavity, or hemocoel, comprises a digestive tract, a primi-
tive muscular system, a biosynthetic fat body, and a fluid func-
tionally comparable to blood called hemolymph (41). A signif-
icant feature of these caterpillars is a relatively advanced
immune system mediated by the activity of phagocytic cells
within the hemolymph. Moreover, G. mellonella can be main-
tained at 37°C, permitting the study of pathogen virulence fac-
tors preferentially expressed at human physiological tempera-

ture. To determine whether the presence of the luxABCDE
cassette affects the virulence of E. faecalis, we compared the
abilities of E. faecalis MMH594 and its bioluminescence-tagged
derivative SL04 (MMH594::pSL101P16S) to kill G. mellonella
larvae. The larvae were infected by injection of a bacterial sus-
pension into the hemocoel, and insect mortality was evaluated
every 2 h. All the larvae were dead after 24 h. The progression of
the infection was accompanied by increased insect melaniza-
tion, indicating that E. faecalis triggers the host innate immune
response and the activation of a prophenoloxidase cascade
(28). As shown in Fig. 6a, no difference could be observed
between the killing rates of wild-type and lux-tagged E. faecalis
MMH594. SL04 was therefore employed to visualize the spa-
tiotemporal bacterial growth during the progression of infec-
tion (Fig. 6b). Bioluminescence was detectable immediately
after injection of SL04 into the hemocoel. In the first 2 h, a
decrease in the signal was seen. Increase of light emission was
observed at 4 h postinfection, when it reached a peak, followed
by expression at constant levels until death of the larvae
occurred. All larvae were dead 24 h postinfection, and subse-
quently, bioluminescence steadily declined after 48 h postin-
fection and finally subsided. To confirm that the biolumines-
cent signal reflected the growth progression of E. faecalis when

FIG 4 (a) In vitro bioluminescence monitoring during growth at 37°C in
Nestle NAN Infant Milk Formula. The color scale indicates bioluminescence
signal intensity in photons per second (minimum, 1.0e6; maximum, 5.0e7).
(b) Comparison between bioluminescence emission (photons per second) and
number of CFU during growth in milk. Bioluminescence is indicated by black
closed triangles for SL06 (Symbioflor 1::pSL101P16S) and gray closed dia-
monds for SL08 (EF62::pSL101P16S). Growth is indicated by open symbols and
expressed as CFU per milliliter. The values represent averages of two indepen-
dent experiments � SD.

FIG 5 (a) In vitro bioluminescence monitoring during growth at 37°C in
urine. The color scale indicates bioluminescence signal intensity in photons
per second (minimum, 5.0e4; maximum, 5.0e5). (b) Comparison between
photon emission and number of CFU during growth in urine. Biolumines-
cence is indicated by black closed circles for E. faecalis SL04 (MMH594::
pSL101P16S) and gray closed triangles for SL09 (T2::pSL101P16S). Growth is
indicated by open symbols and expressed as CFU per milliliter. Biolumines-
cence was measured as photons per second. The values represent averages of
the data from two independent experiments � SD.
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infecting G. mellonella, three insects per time point were dis-
sected, and the resulting insect-bacterium homogenates were
serially diluted to determine the bacterial burden. Figure 6c
shows a drop in E. faecalis cell numbers after 2 h, concomitant
with the reduction in light emission (Fig. 6d), followed by rapid
bacterial growth until larval death. Taken together, these re-
sults show that expression of the bioluminescent reporter was
consistent with the progression of G. mellonella infection and
concomitant with E. faecalis growth in the hemocoel.

In conclusion, we have developed a simple and rapid
method for noninvasive monitoring of the infection of E. faeca-
lis in vivo in intact animals, with the potential to assess gene
expression patterns, including virulence-related genes. The
linear correlation between the intensity of the bioluminescence
emission in photons per second and the number of CFU facil-
itates the determination of bacterial growth and alleviates the
need for performing time-consuming colony counting. There-
fore, this system represents a powerful tool for assessing the
spatiotemporal dynamic of E. faecalis infection in living organ-

isms, and it will contribute to improving insights into the ex-
pression of potentially new and known virulence-related traits
in future studies.
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